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PROJECTED  PERFORMANCE  IMPROVEMENTS  OVER  CONVENTIONAL 
WINGS 


1.0  INTRODUCTION 


Today's  aircraft  are  required  to  go  faster,  further  and  be  more  maneuverable 
increasing  the  need  for  high  performance  wings  to  perform  optimally  in  all 
phases  of  the  flight  envelope.  This  requires  that  a wing  be  thin  for  high 
speeds,  cambered  for  increasing  lift  at  low  speeds  and  during  maneuvers,  and 
usually  requires  that  built-in  twist  be  utilized  to  prevent  tip  stall  at 
high  angles  of  attack.  This  study  addresses  wing  structural  arrangements 
which  produce  a desired  wing  twist  "wash  out"  when  maneuver  loads  are  applied. 
The  unique  arrangement  of  the  wing  spars  and  stiffeners  will  induce  twist  In 
the  wing  section  in  a direction  which  is  advantageous  for  aerodynamic 
characteristics  in  most  flight  regimes. 

This  study  undertook  to  rearrange  the  internal  structure  of  an  advanced 
fighter  aircraft  wing  in  a manner  to  produce  desired  twist  under  flight  loads. 
Four  alternate  structural  configurations  were  studied.  Each  was  optimized 
for  strength  at  ultimate  load  and  evaluated  for  aerodynamic  payoffs  at  two 
"4g"  flight  conditions.  One  condition  produced  a forward  aerodynamic  center 
of  pressure  and  the  other  produced  an  aft  aerodynamic  center  of  pressure 
location.  The  results  of  these  evaluations  are  compared  with  a baseline 
conventional  structure  at  the  same  conditions  and  the  potential  payoffs 
defined. 

It  should  be  noted  that  this  study  evaluated  a very  small  portion  of  an 
advanced  fighter  envelope  (MN  = 0.8  and  1.2  at  Ag's  symmetrical)  and 
investigated  only  the  twist  aspect  of  the  wing.  Results  indicates  that 
further  study  at  other  points  of  the  V-N  diagram  should  be  investigated  and 
that  the  combination  of  this  twist  with  wing  camber  can  produce  aerodynamic 
advantages  much  greater  than  those  gained  by  twist  alone. 

Table  I illustrates  desirable  characteristics  that  the  structures  and  aero- 
dynamics engineer  strive  to  obtain.  The  readers  attention  is  directed  to 
careful  study  of  where  twist  alone  is  desirable,  where  camber  alone  is  of 
benefit  and  where  twist  and  camber  combinations  should  be  used  to  multiply 
individual  effects.  While  Table  I describes  the  overview  objective  for 
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TABLE  I:  DESIRABLE  TWIST /CAMBER  CHARACTERISTICS 


performance,  Table  II  Illustrates  how  the  study  is  related  to  this  overview 
objective.  This  study  focused  on  structural  and  aerodynamic  characteristics 
for  Control  Configured  Structures  (CCS)  for  twist  only.  Table  li  presents 
the  technology  requirements  for  combining  twist  and  camber  benefits  and 
illustrate  areas  for  other  ln-depth  parametric  analysis  that  are  needed  to 
establish  total  design  envelope  benefits.  Completion  of  work  tasks 
illustrated  in  Table  il  would  then  allow  evaluation  of  total  CCS  performance 
values.  For  example  the  blocks  on  Table  II  that  are  emphasized  In  "heavy 
outline"  cover  the  scope  of  this  contract.  The  blocks  of  Table  li  outlined 
by  a "dashed  line"  illustrate  the  general  scope  for  the  next  proposed  CCS 
effort,  while  the  blocks  denoted  by  "bullets"  illustrate  efforts  that  still 
need  evaluation  before  all  the  aspects  of  CCS  can  be  understood. 
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2.0  DISCUSSION  OF  CONTROL  CONFIGURED 
STRUCTURES  (CCS)  THEORY 

The  orientation  of  the  spar/strlnger  substructure  elements  Is  normally 
parallel  to  the  structural  elastic  axis  for  most  wing  designs.  This  arrange- 
ment allows  the  primary  bending  loads  to  be  reacted  by  the  axial  elements 
with  very  little  out  of  plane  "kick"  load  being  generated  which  Induce 
additional  shear  loads  in  the  skins.  This  structural  arrangement  makes  the 
twist  of  the  wing  completely  dependent  on  the  local  air  load  center  of  pressure, 
the  relative  stiffnesses  of  the  front  and  rear  spars  and  wing  sweep  angle. 
Consequently,  adverse  wing  twist  under  flight  loading  is  a definite  problem 
that  can  be  partially  relieved  only  by  the  addition  of  structural  stiffness 
with  its  weight  penalty  or  a built-in  twist  which  decreases  cruise  efficiency. 

The  basic  proposition  of  the  CCS  theory  in  main  wing  box  structure  is  that 
the  internal  structure  be  rearranged  so  that  the  spars/stringers  substructure 
members  are  not  necessarily  parallel  to  the  usual  elastic  axis,  but  at  some 
angle  to  it.  This  effect  Induces  shear  loads  into  the  skins  that  tend  to 
twist  the  wing  In  direct  proportion  to  the  applied  bending  loads  and  to  the 
angle  at  which  the  bending  elements  Intersect  the  applied  load  reference 
axis.  In  general,  the  CCS  bending  elements  have  more  forward  sweep  than 
conventional  wing  bending  elements  Inducing  shear  loads  In  the  skin  which 
rotate  the  wing  leading  edge  down  under  positive  loading.  Figure  1 Illustrates 
how  this  loading  occurs.  This  desired  rotation  tends  to  reduce  the  tip  stall 
problem,  at  higher  angles  of  attack,  which  Is  associated  with  conventional 
structure.  These  induced  shear  loads  must  be  considered  when  a shear  center 
(elastic  axis)  calculation  is  made,  thus  an  apparent  shear  center  is  located 
forward  of  the  usual  shear  center.  This  causes  the  apparent  center  of 
rotation  to  move  forward  of  the  wing  structural  box  producing  a nose  down 
rotation  under  positive  bending  loads  as  shown  In  Figure  2.  Although  not 
investigated  in  depth  in  this  study,  the  benefits  derived  for  positive  loading 
cases  would  also  apply  to  negative  loadings. 

In  this  report,  the  following  definitions  are  applicable: 

o Control  Configured  Structure:  Structure  whose  internal  arrangement 

Is  so  oriented  to  produce  displacements  and  rotations  advantageous 
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SUBSTRUCTURE 

ORIENTATION 

ANGLE 


LOADS  IN  WING 
BENDING  MEMBERS 


APPLIED 
BENDING  \ 
LOADS  ' 

(UPPER  SKIN) 


INDUCED  "KICK"  LOADS  IN  SKINS  MOVE  UPPER 
SKIN  FORWARD. 


INDUCED  LOWER  SKIN  "KICK"  LOADS  MOVE 
SKIN  AFT. 

THESE  LOADS  COMBINE  TO  TWIST  THE  BOX 
STRUCTURE. 


FIGURE  I:  FLIGHT  LOADS  REACTED  IN  CCS  WING  BENDING  MEMBERS 


CONVENTIONAL 


CCS 


FIGURE  2:  ILLUSTRATION  OF  ROTATIONAL  AXIS  SHIFT  IN  C C S 
STRUCTURE  VS.  CONVENTIONAL  STRUCTURE 
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to  aerodynamic  performance  as  a function  of  applied  ioading.  The  CCS 
internal  structural  arrangement  is  such  that  a bending  load  produces 
both  tension  or  compression  in  some  structural  elements  and  the  shear 
components  resulting  from  this  bending  ioad  produces  additive  shear 
flow  that  warps  the  wing  main  box.  In  a correlative  nature  a 
torsion  load  produces  torsion  of  the  box  and  the  components  of  this 
torsion  produces  relieving  tension  or  compression  translations  of  the 
box  . . . referred  to  as  a coupling  of  torsion  and  bending  ...  the 
deformation  of  such  a deflected  shape  occurs  about  an  apparent  new 
center  of  rotation. 

o Passive  System:  A system  whose  operation  is  not  dependent  on  pilot 

input  or  mechanical  actuation  but  a function  of  loading. 

o Active  System:  A system  whose  operation  is  dependent  on  pilot  input 

or  mechanical  actuation. 

o Strength  Design;  Sizing  of  structural  elements  for  strength 
(allowable  stress)  only  with  no  stiffness  criteria  considered. 
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3.0  DEVELOPMENT  AND  ANALYSIS 
?r  CONCEPTS 


3.1  STRUCTURAL  ARRANGEMENTS  THAT  INDUCE  TWIST 

The  primary  objective  of  this  Control  Configured  Structures  (CCS)  effort  was 
to  achieve  leading  edge  down  twist  with  the  wing  subjected  to  positive  bending 
loads.  This  was  accomplished  by  orienting  the  sub-structure  bending  members 
(spars  and  stringers)  to  introduce  "kick  load"  shears  Into  the  wing  skins 
which  deflected  the  wing  torsional ly.  The  magnitude  of  this  induced  torsional 
twist  was  a function  of  the  angle  at  which  the  bending  members  Intersect  the 
applied  load  reference  axis. 


This  study  used  an  advanced  fighter  wing  main  box  design  and  structural 
arrangement,  shown  in  Figure  3,  as  a baseline  configuration  for  comparison  to 
the  restructured  CCS  alternate  designs.  Figure  A shows  the  total  wing  plan- 
form  with  pertinent  data  with  the  main  structural  box  (shaded)  which  was 
internally  reconfigured.  Two  alternate  structural  arrangements  were  used  for 
the  Initial  structural  evaluation:  Alternate  Design  No.  1,  shown  in  Figure  5, 

which  located  the  spars  and  stringers  at  right  angles  to  the  aircraft  center- 
line and  Alternate  Design  No.  3»  shown  in  Figure  6,  had  the  bending  elements 
at  various  angles  (A5°  at  the  tip  to  90°  at  the  root)  relative  to  the  aircraft 
centerline.  These  two  alternate  designs  and  the  baseline  design  were  optimized 
by  computer  (NASTRAN  and  peripheral  programs,  see  Appendix  A)  for  strength 
requirements  (no  stiffness  criteria)  at  comparable  ultimate  loading  conditions. 
The  allowable  stresses  and  minimum  thickness  and  the  area  data  are  shown  In 
Table  III  and  reflect  generally  applicable  limits  of  fatigue  and  compression 
stability  stresses  and  manufacturing/service  use  minimum  areas  and  thicknesses. 
The  wing  loading  conditions  that  were  used  were  those  representative  of  a 
typical  advanced  fighter  for  a balanced  symmetrical  maneuver.  Figures  7 
and  8 show  the  positive  and  negative  limit  loads  for  the  Baseline  Design. 

The  positive  and  negative  loads  for  the  alternate  designs  are  shown  in 
Figures  9 and  10.  The  applied  loading  conditions  were  not  identical, 
since  the  Baseline  Design  incorporated  a built-in  leading  edge  down  "wash 
out"  (twist)  to  the  degree  shown  In  Figure  11. 
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pjQURE  3:  MAIN  BOX  CONFIGURATION  FOR  BASELINE  DESIGN 


FIGURE  6:  MAIN  BOX  CONFIGURATION  FOR  ALTERNATE  DESIGN  NO, 


i moment 


FIGURE  7:  POSITIVE  LIMIT  (7.  5g)  LOADS  FOR  BASELINE  DESIGN 


MOMENT 


FIGURE  9:  POSITIVE  LIMIT  (7.  5g)  LOADS  FOR  ALL  ALTERNATE  DESIGNS 


FIGURE  11:  BUILT-IN  TWIST  FOR  BASELINE  DESIGN 


The  alternate  designs  were  considered  to  be  "flat"  with  no  initial  twist  or 
camber.  In  both  the  baseline  and  alternate  designs  the  airfoil  used  was 
symmetrical  and  conformed  to  the  MACA  65A005  section  at  the  wing  root  and 
the  NACA  6500^  section  at  the  tip. 

The  results  of  the  optimization  processes  for  the  alternate  designs  were 
compared  to  determine  which  configuration  offered  the  greater  increase  in 
aerodynamic  characteristics  with  the  primary  parameter  being  wing  twist.  It 
was  found  that  Alternate  Design  No.  1 twisted  approximately  1 degree  more  at 
ultimate  load  than  Alternate  Design  No.  3»  thus  Alternate  Design  No.  1 was 
selected  as  the  basis  of  a "bracketing"  operation  to  determine  the  configu- 
ration of  the  third  alternate  design.  This  "bracketing"  consisted  of 
rotating  the  bending  members  10°  from  the  Alternate  Design  No.  1 orientation 
in  both  directions,  producing  two  additional  models,  Alternate  Design  No.  2F 
shown  In  Figure  12  having  its  members  rotated  10°  forward  and  Alternate  Design 
No.  2A  whose  members  were  rotated  10°  aft  as  shown  in  Figure  i3.  These  two 
refinement  designs  were  optimized  to  the  same  loading  and  allowable 
parameters  as  were  Alternate  Designs  1 and  3 and  similar  structural 
characteristics  determined.  As  in  the  previous  sizings,  no  stiffness  criteria 
was  considered.  The  alternate  design  configuration  showing  the  most  improve- 
ment In  aerodynamic  characteristics  was  then  re-evaiuated  at  a 4g  flight 
condition  for  which  an  equilibrium  condition  was  determined  for  comparison 
to  the  Baseline  Design. 
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FIGURE  12:  MAIN  BOX  CONFIGURATION  FOR  ALTERNATE  DESIGN  NO.  2F 


FIGURE  13:  MAIN  BOX  CONFIGURATION  FOR  ALTERNATE  DESIGN  NO 


3.2  AERODYNAMIC  CHARACTERISTICS  AND  LOAD  DEFINITION 

Aerodynamic  considerations  In  conventional  wing  configuration  selection  are 
often  focused  on  specific  flight  conditions  to  meet  defined  mission  require- 
ments. The  best  configuration  for  these  conditions  may  Include  wing  twist 
as  a means  to  optimize  wing  loading  and/or  camber  to  obtain  best  chordwlse 
flow.  Because  twist  and  camber  are  not  uniformly  beneficial  at  all  Mach 
numbers  an!  angles  of  attack,  airplane  performance  Is  often  penalized  at  off- 
deslgn  cone  It  Ions.  An  optimum  wing  for  all  flight  conditions  would  require 
the  capability  to  change  wing  configuration  In  flight  to  conform  to  the 
desired  combinations  of  wing  geometry  for  each  flight  maneuver.  Every 
attempt  to  achieve  this  capability  mechanically  has  resulted  In  excessively 
heavy  and  complex  (costly)  wings.  CCS  Is  a concept  to  approach  the  optimum 
wing  by  properly  configuring  the  wing  structural  configuration  as  a 
function  of  loading.  Because  wing  loading  does  vary  with  angle  of  attack 
and  Mach  number  in  an  orderly  manner,  there  is  reason  to  believe  that  the 
desired  variation  In  wing  configuration  can  be  shown  to  vary  In  a similar 
order.  The  purpose  of  this  analysis  was  to  obtain  a preliminary  evaluation 
of  this  potential . 

The  true  potential  of  the  concept  cannot  be  evaluated  without  considering  the 
aerodynamics  of  the  total  airplane.  Changes  In  wing  configuration  have 
their  effect  on  aircraft  stability,  trim  requirements  and  control  effective- 
ness. The  CCS  concept  has  an  Impact  on  each  of  these.  However,  the 
preliminary  nature  of  this  analysis  was  limited  to  the  Investigation  of  CCS 
effects  on  wing  performance  In  a general  sense. 

The  first  step  In  the  analysis  was  to  establish  the  order  of  magnitude  of 
the  effect  of  various  geometric  parameters,  which  could  be  controlled  by  use 
of  the  CCS  concept,  on  the  aerodynamic  characteristics  of  a baseline  wing. 
This  study  was  performed  as  a parametric  analysis  (See  Appendix  B)  which 
was  used  to  provide  a preliminary  evaluation  of  the  potential  benefits  of 
CCS  and  as  a guide  In  selecting  variations  In  the  various  structural 
configurations. 


As  each  structural  design  alternate  or  configuration  was  developed,  the 
aerodynamic  characteristics  were  evaluated  and  aerodynamic  load  distributions 
were  developed  for  a 4 "g"  symmetric  maneuver  at  Mach  numbers  of  0.80  and 
1.20  and  an  altitude  of  10,000  feet.  These  data  were  developed  for  an 
equilibrium  twist  condition  using  the  structural  parameters  associated  with 
the  particular  configuration  under  consideration. 
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3.3  AEROELASTIC  ANALYSIS  OF  CENTER  OF  ROTATION  SHIFT 


Aeroelastic  analyses  were  performed  on  the  Baseline  Design  and  Alternate 
Designs  No.  1 and  No.  3 to  determine  the  aeroelastic  effects  of  moving  the 
center  of  rotation  forward  through  structural  rearrangement. 

A NASTRAN  analysis  was  performed  to  determine  the  wing  main  structural  box 
stiffness  data,  given  In  the  form  of  an  Influence  coefficient  matrix,  and 
the  wing  box  Inertial  slice  data.  A transformation  was  performed  to  relate 
the  Inertial  slice  data  to  the  dynamic  grid  points,  and  the  resulting  mass 
matrix  was  combined  with  a previously  determined  mass  matrix  for  the  leading 
and  trailing  edge  structure  (aileron,  flap,  leading  edge  devices,  etc)  to 
form  a complete  wing  mass  matrix.  The  wing  mass  matrix  and  the  Influence 
matrix  were  combined  and  the  eigenvalue  problem  solved  resulting  In  the 
modal  data  for  each  configuration.  Aerodynamic  analyses  were  than 
accomplished  for  the  aircraft  at  0.9  Mach  number,  which  from  past  experience, 
Is  considered  most  critical  from  a flutter  standpoint.  Doublet  lattice  air- 
forces were  then  generated  and  used  to  determine  flexible  aerodynamic 
coefficients.  These  data  were  combined  with  the  modal  data  to  perform  a 
flutter  analysis  for  Alternate  Designs  No.  1 and  No.  3 (See  Appendix  C) . 


4.0  EVALUATION  OF  CONCEPT  PARAMETERS 


4.1  STRUCTURES  EVALUATIONS 

The  primary  structures  evaluation  accomplished  In  this  study  was  to  determine 
which  models  demonstrated  the  best  twists  and  deflections  for  aerodynamic 
characteristic  Improvement.  The  guidelines  set  up  by  the  aerodynamics  goals 
was  that  the  wing  showing  the  greatest  nose  down  twist  would  best  tend  to 
Improve  aerodynamic  parameters. 

The  initial  effort  was  to  define  and  optimize  for  strength  only  the  Baseline 
Design  and  Alternate  Design  No.  1 and  No.  3*  From  this  effort  the  node 
point  deflections  and  model  element  weights  were  obtained.  These  node  point 
deflections  were  used  to  determine  the  spanwlse  wing  twist  at  several  points 
along  the  wing  span  and  the  average  wing  deflection  at  these  same  span 
locations  (average  deflection  being  the  average  displacement  of  the  front 
and  rear  spars  at  a streamwlse  cut).  The  loading  condition  used  for  sizing 
the  models  was  a 7.5g  symmetrical  flight  condition  at  Mach  no.  1.2  ratloed 
up  by  ah  ultimate  load  factor  of  1.5.  These  respective  loads  for  the  base- 
line and  alternate  decIgns  were  then  applied  to  the  models  and  the  elements 
optimized  for  strength  only.  The  twists  of  the  models  at  these  ultimate 
conditions  are  shown  In  Figure  14.  The  Indication  Is  that  the  baseline 
design  twists  more  than  either  of  the  alternate  designs,  but  only  from 
approximately  the  87 . 5%  span  point  outboard,  and  that  being  due  to  the  built- 
in  twist  present  In  the  baseline  design.  For  a comparison,  the  twist  of  the 
baseline  design  with  the  built-in  twist  subtracted  out  Is  also  shown  and 
Illustrates  that  the  CCS  structure  does  Indeed  have  advantageous  twist 
characteristics  over  conventional  structure.  From  the  data  seen  In  Figure  14 
It  was  decided  to  expand  the  analysis  of  the  Alternate  Design  No.  1 configu- 
ration as  Its  twist  was  1°  greater  at  Its  maximum  point  than  that  of  Alternate 
Design  No.  3.  In  addition,  this  ultimate  load  strength  sizing  gave  the  model 
element  weights  which  are  shown  In  Table  IV  Illustrating  that  Alternate  Design 
No,  3 was  the  lighter  of  the  two  alternates,  but  heavier  than  the  baseline 
by  27  pounds.  The  average  deflections  of  the  models  are  shown  In  Figure  15 
which  gives  an  Indication  of  the  relative  bending  stiffnesses  of  each. 
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In  an  effort  to  "bracket"  the  twist  characteristics  of  Alternate  Design  No.  1 
two  additional  models  were  developed  and  subjected  to  the  same  ultimate 
loading  condition.  These  were  Alternate  Designs  No.  2A  and  2F.  The  twists 
of  these  two  configurations  are  compared  with  that  of  Alternate  Design  No.  1 
In  Figure  16.  The  Indication  is  that  Alternate  Design  No.  2F  experiences 
more  twist  for  this  loading  condition  than  the  other  two  alternates,  there- 
fore Alternate  Design  No.  2F  was  selected  for  further  comparlons  at  the  kg 
equilibrium  evaluation  conditions. 

The  baseline  and  alternate  2F  design  structural  influence  coefficients  were 
provided  for  aerodynamic  evaluations  which  were  used  to  determine  an  equilibrium 
condition  for  each  model  at  two  air  speeds,  Mach  number  0.8  to  produce  a 
forward  C.  P.  location  and  Mach  number  1.2  for  an  aft  C.  P.  location. 

The  loads  resulting  from  these  conditions  were  applied  to  the  two  models 
and  their  twist  c'Istrlbutlons  determined.  These  twists  are  shown  In  Figures 
17  and  18  and  again  Indicate  that  the  absolute  twist  of  the  baseline  design 
Is  greater  than  that  of  the  CCS  design,  but  only  because  of  its  6.5°  built- 
in  twist.  The  twists  due  to  airloads  only  demonstrate  that  the  CCS 
structure  has  a marked  twist  advantage  over  the  conventional  structure 
even  at  a moderate  load  level.  This  Is  Illustrated  in  Figure  19  where  the 
twist  characteristics  of  both  configurations  are  plotted  against  load 
factor  for  the  two  Mach  numbers  evaluated.  The  points  plotted  are  absolute 
for  both  Mach  numbers  at  Og’s  and  4g's  as  previously  shown  In  Figures  17 
and  18.  Since  these  twists  are  linear  in  nature  as  a function  of  linear 
’oad  factor  multiples,  a straight  line  extrapolation  Is  shown  out  to  a limit 
load  factor  of  7.5g's.  A marked  advantage  in  twist  is  again  Illustrated  by 
the  slopes  of  the  twist  curves  for  the  CCS  structure  at  both  Mach  numbers 
as  compared  to  the  conventional  baseline  wing  without  built- In  twist. 

Structural  evaluation  of  the  data  obtained  from  the  loadings,  twists  and 
deflections  of  the  two  models  (Baseline  Design  versus  Alternate  2F  Design) 
indicates  that  the  CCS  structure  does  In  fact  give  wing  rotations  In  a 
direction  producing  improved  aerodynamic  characteristics  at  a greater  rate 
than  conventional  structure  at  all  normal  load  factors.  This  Is  especially 
true  at  negative  load  factors  where  the  built- In  twist  of  the  baseline 
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FIGURE  17:  COMPARATIVE  TWISTS  FOR  THE  BASELINE  DESIGN  AND  ALTERNATE  DESIGN  NO.  2F 
4g  LOAD  AT  MACH  NO.  1.  20 
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design  produces  additive  loadings  to  the  wing.  The  effect  of  this  built-in 
twist  on  negative  load  twists  is  shown  in  Figure  20.  it  can  be  seen  that  the 
baseline  design  twist  was  Increased  when  negative  loads  were  applied  thus 
producing  the  additive  effect.  The  opposite  situation  exists  tn  Alternate 
Design  2F  which  twisted  in  a direction  tending  to  relieve  the  negative  air 
loads.  The  results  of  these  twists  are  illustrated  In  Figure  21  which 
demonstrates  the  wing  average  deflections  for  each  model.  The  fixed  built-in 
twist  Increases  the  negative  load  on  the  wing  as  demonstrated  by  the  fact  that 
the  -3.75g  ultimate  load  condition  has  a deflection  which  is  86£  of  the 
positive  ultimate  load  (11.25  g‘s).  These  comparative  values  are  Illustrated 
in  Figure  15  and  2i.  The  advantage  of  alternate  design  2F  over  the  baseline 
as  related  to  the  ultimate  negative  load  in  that  a magnified  deflection  and 
load  build  up  Induced  by  the  built-in  twist  does  not  occur.  The  use  of  this 
CCS  negative  load  advantage  as  compared  to  a wing  with  built-in  twist  can 
have  an  Impact  on  fatigue  life  of  the  tension  skin  through  stress  ratio  (R) 
effects. 

Thus  the  advantage  of  a wing  which  twists  In  the  most  desirable  direction 
under  both  positive  and  negative  flight  loads  (CCS  structure)  Is  evident 
when  compared  to  a conventional  wtng  structure.  This  holds  true  when  the 
conventionally  structured  wing  has  no  built-in  twist  (Figure  19)  and 
especially  when  built-in  twist  is  employed  for  aerodynamic  advantages  for  a 
particular  flight  condition. 

The  weight  numbers  given  in  Table  IV  are  those  of  the  structural  math  model 
elements  when  sized  for  strength  only.  The  increase  in  skin  weights  for  the 
alternate  designs  Is  due  in  part  to  the  slightly  larger  spar/stringer  spacing 
(especially  those  of  Alternates  2F  and  3)  and  the  additional  shear  loadings 
In  the  skins  due  to  the  "kick"  loads  induced  by  the  CCS  interior  structure. 
The  Intermediate  spars  tend  to  be  lighter  In  the  CCS  designs  because  of  their 
shorter  total  length  (Alternate  Design  2F  in  particular)  which  does  not  allow 
a great  amount  of  load  to  build  up  In  any  particular  spar.  The  exception  to 
this  is  the  rear  spar,  which  tends  to  be  heavier  in  the  alternates  due  to 
having  its  load  increased  each  time  an  Intermediate  spar  terminates  and 
transfers  load  to  the  rear  spar.  Rib  weights  were  lower  in  the  alternates 
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because  the  spars  tend  to  also  act  as  ribs  (with  the  exception  of  Alternate 
2A)  and  relieve  rib  requl rements.  When  total  math  model  weights  are 
considered,  the  Increased  skin  and  rear  spar  weight  of  the  alternate  designs 
tend  to  be  offset  by  the  decrease  In  Intermediate  spar  weight,  so  that  the 
overall  weight  of  the  CCS  main  wing  box  appears  to  be  only  slightly  sensitive 
to  the  Internal  substructure  arrangement.  It  should  also  be  noted  that  no 
studies  were  made  to  optimize  the  spar/strlnger  spaclngs  for  the  alternate 
designs  as  was  done  for  the  baseline  In  a previous  VSD  exercise. 

The  weight  trends  shown  In  Table  IV  and  discussed  herein  are  Illustrated 
graphically  In  Figure  22  as  a function  of  Intermediate  spar  orientation 
angle.  The  uppermost  curve  reflects  a projected  weight  when  non-optimum 
factors  such  as  fasteners  and  fastener  provisions  are  considered.  These 


Indications  demonstrate  that  the  weight  Increase  was  greater  for  the  baseline 
design  due  to  the  greater  weight  of  Its  Intermediate  spars.  This  Increase  Is 
a function  of  spar  length  and  loading  characteristics. 


I4.2  AERODYNAMIC  EVALUATIONS 


The  present  study  was  Initiated  to  evaluate  the  advantages  of  a 
structure  which  would  deflect  under  load  to  provide  favorable  aerodynamic 
characteristics  over  a wide  Mach  number  range.  During  the  course  of  the 
program  two  configuration  reviews  were  made.  An  Initial  aerodynamic 
evaluation  was  made  using  the  results  obtained  from  a parametric  study  which 
was  conducted  during  the  early  design  phases  to  aid  In  the  selection  of  the 
configurations  showing  the  most  favorable  aerodynamic  characteristics.  The 
parametric  study  discussion  and  results  are  presented  in  Appendix  B.  This 
section  presents  the  data  used  for  evaluation  of  the  final  configuration 
design. 

The  alternate  configuration  designs  were  limited  to  the  control  of  spanwise 
variations  In  twist.  The  baseline  wing  was  designed  to  provide  a fixed  6.5 
degrees  of  twist  at  the  tip.  This  was  desirable  In  reducing  the  tail 
incidence  required  to  trim  and  Is  most  beneficial  at  the  low  supersonic  Mach 
numbers.  The  data  presented  In  Figure  23  compare  this  fixed  twist  to  that 
produced  by  one  of  the  final  alternate  designs  for  a 4 "g"  maneuver  at  Mach 
numbers  of  .80  and  1.20  and  an  altitude  of  10,000  feet.  The  more  aft 
aerodynamic  loading  at  Mach  1.20  shows  that  a strong  trend  In  the  desired 
direction  and  degree  of  twist  was  developed  by  the  structure.  The  more 
forward  loading  on  the  wing  at  Mach  .80  resulted  In  lesser  deflection. 


The  variation  of  lift  and  pitching  moment  with  angle  of  attack  for  these 
configurations  are  shown  In  Figure  24.  This  figure  Illustrates  the  range 
of  aerodynamic  values  between  the  rigid  plane  and  twisted  wings  and  shows 
the  magnitude  of  the  resulting  aerodynamic  data  corresponding  to  the 
equilibrium  twist  conditions  of  Figure  23.  Because  the  flexed  twist 
distribution  at  Mach  .80  was  small,  the  resulting  change  In  aerodynamic  forces 
between  the  rigid  wing  and  the  flexed  plane  wing  were  small.  At  a Mach  number  of 
1.20  and  4 degrees  angle  of  attack,  the  differences  In  spanwise  twist  between 
the  target  fixed  values  and  the  resultant  equilibrium  twist  values  for  the 
alternate  design  wing  (2F)  resulted  In  small  aerodynamic  differences  In  lift 
and  pitching  moment.  One  of  the  purposes  of  twist  Is  to  reduce  the  pitching 
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O-PLANE  WING  (RIGID) 
&~ALT  2F  (FLEX) 

□~6.  5 TWIST  (RIGID) 


FIGURE  24:  EFFECT  OF  FLEXIBILITY  ON  LIFT  & PITCHING  MOMENT 
ALTERNATE  2F  ( 4g  LOADING) 


moment  required  to  trim  the  airplane  In  the  low  supersonic  flight  regime. 

At  a Mach  number  of  i.2  this  requirement  becomes  large  and  the  total  airplane 
drag  Is  increased.  As  seen  from  this  study,  the  trim  requirement  was  reduced. 
The  static  margin  has  also  been  altered  as  evidenced  by  the  decrease  in 
dCm/dCL.  Therefore  the  balancing  force  to  trim  is  reduced  over  the  range  of 
lift  coefficients.  Full  evaluation  of  this  characteristic  was  beyond  the 
scope  of  this  effort  since  it  would  require  an  evaluation  of  the  trim  lift/ 
drag  ratio  with  Mach  number  and  altitude.  The  potential  for  increasing  the 
maneuvering  performance  using  twist  and  camber  was  evaluated  for  a recent 
design  study.  Both  the  fuel  required  and  the  rate  of  turn  were  improved  due 
to  these  modifications.  Fuel  consumption  due  to  drag  reduction  was  improved 
by  5 to  6%  for  a Mach  number  of  1 .20  at  30,000  feet  and  the  rate  of  turn  was 
increased  to  a similar  degree. 

One  of  the  more  obvious  advantages  of  twist  developed  by  passive  means  is 

illustrated  in  Figure  25-  The  fixed  twist  drag  polar  shows  an  incremental 

drag  increase  over  the  passive  twist  action  of  the  Alternate  No.  2F  wing  for 

the  range  of  lift  coefficients  at  Mach  .80  and  over  a large  portion  of  the 

normally  used  flight  lift  range  at  Mach  1.20.  This  drag  reduction  for  the 

2F  configuration  would  be  beneficial  at  cruise  conditions  by  reducing  fuel 

consumption  during  the  cruise  portions  of  a mission  profile.  This  drag 

reduction  would  also  benefit  the  acceleration  and  maximum  speed  capability. 

The  increase  in  acceleration  is  directly  proportional  to  the  incremental  drag 

reduction;  thus  if  total  airplane  drag  were  reduced  by  5%,  acceleration  would 

be  increased  by  5$.  Maximum  speed  is  a function  of  the  square  root  of  the 

drag  reductions.  Therefore,  for  the  same  5 % drag  reduction,  maxumum  velocity 

^max)  would  be  increased  by  2.5%>  These  are  significant  figures  and  result 

in  a competitive  performance  advantage  for  the  airplane  with  the  lower  drag 

values.  Based  on  a recent  VSD  airplane  design  effort,  the  combined  effects 

of  camber  and  twist  resulted  in  an  increase  of  Cn  , by  8 to  iOfc.  If  CCS 

min 

could  be  used  to  accomplish  the  same  aerodynamic  effect  without  the  built- in 
twist,  considerable  improvements  in  acceleration  and  Vmax  would  be  realized. 
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ALT  2F  FLEX  AT  10,  000  FT 


BASELINE( WITH  FIXED  TWIST) 
FLEX  AT  10,  000  FT 


FIGURE  25;  COMPARISON  OF  DRAG  POLARS  FOR  THE  BASELINE 
DESIGN  AND  ALTERNATE  DESIGN  NO,  2F 


Another  of  the  advantages  of  built-in  twist  (baseline)  Is  to  reduce  the 
aerodynamic  loading  with  angle  of  attack  of  the  outer  portions  of  the  wing 
panel.  Thus  for  a given  lift  value  the  load  distribution  Is  such  that  the 
center  of  pressure  (C.P.)  of  the  total  wing  panel  loading  is  moved  inboard. 
Spanwlse  loadings  for  a plane  wing  (no  built-in  twist)  and  a wing  having  a 
spanwise  variation  of  twist  (built-in  twist)  as  shown  in  Figure  23  were 
established  as  a function  of  wing  lift  coefficients.  The  data  shows  that 
for  the  built-in  twist  wing,  the  spanwise  C.P.  moves  Inboard  for  positive 
lift  coefficients  thus  reducing  the  wing  root  bending  moment.  One  of  the 
CCS  configurations,  Alternate  2F,  was  allowed  to  reach  a twist  equilibrium 
at  10,000  feet  and  these  results  for  4 degrees  angle  of  attack  are  shown 
for  comparative  purposes.  The  desired  goal  of  shifting  the  aerodynamic 
C.P.  Inboard  was  achieved  for  the  CCS  Alternate  Design  No.  2F.  The 
equilibrium  twisted  baseline  which  included  a built-in  6.5  degree  twist  was 
calculated  for  comparative  purposes.  The  data  show  a more  Inboard  C.P. 
location  of  about  k%  due  to  the  initial  built-in  twist  at  the  same  lift 
coefficient.  This  further  reduces  the  wing  root  bending  moment  for  a given 
load,  however  the  drag  penalty  discussed  previously  must  be  considered  in 
final  configuration  selection. 


4.3  DYNAMICS  EVALUATIONS 


The  results  of  the  dynamic  flutter  evaluation  for  the  baseline  and  Alternate 
Design  No.  1 and  No.  3 are  characterized  In  Figure  26  which  Is  a flutter 
speed  versus  damping  curve.  This  figure  shows  that  the  baseline  flutter 
occurs  at  430  knots,  Alternate  Design  No.  1 flutter  at  475  knots  and  Alternate 
Design  No.  3 flutter  at  490  knots.  Therefore  from  a flutter  standpoint, 
Alternate  Designs  No.  1 and  No.  3 show  an  advantage  over  the  baseline  design. 
However,  It  should  also  be  noted  that  these  two  alternate  designs  weighed 
approximately  8-10$  more  than  the  baseline  design.  This  Is  primarily  due  to 
the  greater  skin  thicknesses  which  Increased  the  alternate  design  stiffnesses. 
If  the  baseline  were  stiffened  sufficiently  to  approach  the  flutter  speeds  of 
the  two  alternate  designs,  the  weight  Inc-sasc  required  would  be  approximately 
one  pound  per  knot  of  flutter  speed  Increase.  At  this  rate  of  weight  Increase, 
the  baseline  would  weigh  the  same  as  the  alternates  for  the  same  llutter  speed. 
It  can  be  concluded  that  from  a flutter  viewpoint,  neither  degradation  nor 
Improvement  would  result  from  use  of  Alternate  Designs  No.  1 and  No.  3. 

Figures  27,  28,  and  29  present  the  first  four  mode  shapes  and  their 
associated  frequencies  for  these  three  design  configurations.  Table  V 
presents  the  flexible  aerodynamic  coefficients  used  to  obtain  these  flutter 
comparisons.  It  can  be  observed  that  these  coefficients  are  essentially  the 
same  for  the  baseline  and  alternate  designs. 

For  refined  Design  Alternates  No.  2A  arid  2F  it  can  be  concluded  that  their 
flutter  characteristics  would  fall  within  the  flutter  speed  band  demonstrated 
In  Figure  26. 

It  Is  recognized  that  a wing  designed  to  twist  could  have  a significant  effect 
on  areas  of  flight  dynamics  other  than  flutter,  such  as  aileron  effectiveness 
and  roil  reversal.  However,  these  aspects  were  not  Included  In  this  study. 
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TABLE  Y:  FLEXIBLE  AERODYNAMIC  COEFFICIENT  USED  FOR  FLUTTER 
EVALUATIONS 


°La  O 


BASELINE 

DESIGN 


xCP(in) 


YCP(in) 


ALTERNATE 
DESIGN 
NO.  1 


CT  (-J-) 

lq  'rad' 


Xcp(  in) 


YCp(in) 


ALTERNATE 
DESIGN 
NO.  3 


Xcp(in) 

YCp( in) 


VEAS=° 

VEAS=298 

VEAS=595 

4.928 

4,929 

4.933 

92.  039 

92. 037 

92.052 

87.832 

87.833 

87.850 

4.928 

4.927 

4.926 

92.039 

92.  034 

92.029 

87.832 

87.  827 

87.822 

4.928 

4.927 

4.  926 

92.039 

92.037 

92.031 

87.832 

87.830 

87.824 
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k.k  COST  COMPARISONS 


The  comparison  of  cost  for  CCS  versus  conventional  wing  main  box  structure 
was  accomplished  by  determining  recurring  and  non-recurring  cost  for: 

o A conventional  contoured  wing  main  box  with  bulit-in  twist  (the 
study  baseline) 

o A CCS  contoured  airfoil  main  box  (Alternate  2F) 

o A CCS  flat  sided  main  box  (Alternate  2F) 

The  generation  of  these  cost  trends  allowed  a view  of  CCS  with  no  built-in 
twist  in  both  contoured  and  flat  sided  main  boxes  as  compared  to  a twisted 
conventional  wing  box  with  airfoil  contour.  Table  VI  illustrates  these 
comparative  cost  trends.  This  table  demonstrates  that  on  a total  cost  basis 
a contoured  airfoil  shaped  CCS  main  box  showed  cost  essentially  the  same  as 
that  of  a conventional  contoured  main  box  with  built-in  twist.  However,  when 
a CCS  wing  main  box  with  flat  sides  was  compared  with  a conventional  contoured 
airfoil  with  built-in  twist  a small  total  cost  reduction  Is  projected  (7%) . 

The  cost  trends  in  Table  VI  are  based  on  an  aircraft  buy  size  of  200  and  on 
this  basis  a break  even  point  would  occur  only  when  advantages  of  the  fiat 
sided  construction  was  employed.  However,  the  CCS  concept  does  provide  the 
designer  with  the  prerogative  of  using  a flat  sided  main  wing  box  to  produce 
desirable  wing  twist  where  this  less  costly  flat  structure  is  not  possible 
using  conventional  arrangements  with  built-in  twist. 

Costs  for  each  detail  part  for  all  wing  types  were  formulated  based  on: 

o Aluminum  plate  and  forgings 
o Machining  of  parts  from  plate  or  forging 
o Conventional  mechanical  fastening 

integral  stiffeners  on  the  CCS  skins  increased  cost  as  compared  to  the 
conventional  skin  which  didn't  have  integral  stiffeners.  Main  spars  (front 
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and  rear)  were  assumed  to  be  machined  from  forgings.  A cost  Increase  was 
observed  on  these  two  spars  since  they  weighed  more  due  to  higher  loads  as 
compared  to  the  conventional  box  main  spars.  The  Intermediate  spar  length 
was  28%  less  on  the  CCS  configuration  than  the  conventional  wing  box  which 
resulted  in  a cost  reduction.  In  addition  the  CCS  configuration  had  13  rib 
segments  compared  to  20  rib  segments  on  the  conventional  structure.  This 
saving  was  comparatively  small  in  total  wing  cost  reductions.  The  assembly 
cost  for  CCS  was  also  lower  by  approximately  27 % due  to  a shorter  skin  to 
spar  Joint  length  (28%  less).  Furthermore,  the  conventional  main  box  has 
J«8  rib-to-spar  joints,  while  the  CCS  box  had  kk. 

All  cost  comparisons  were  based  on  conventional  practice  and  state-of-the- 
art  use  of  materials  and  fabrication  techniques. 


5.0  CONCLUSIONS 


This  study  of  the  effects  and  data  resulting  from  the  comparative  evaluation 
of  Control  Configured  Structure  (CCS)  wing  main  boxes  with  that  of  a 
conventional  wing  main  box  was  based  on  aerodynamic  characteristics,  flutter 
comparisons,  weight  comparisons  and  cost  trends.  The  following  paragraphs 
summarize  each  of  these  key  technical  areas  and  demonstrate  that  the  theory 
of  CCS  has  significant  potential  benefits. 


o Aerodynamic  Characteristics  - A CCS  wing  main  box  such  as  those 
evaluated  In  the  alternate  design  (2F)  has  a lower  profile  drag 
and  trim  drag  over  the  major  flight  regime  as  compared  to 
conventional  wing  structure  with  built-in  twist. 

o Flutter  Comparisons  - A CCS  wing  main  box  such  as  those  evaluated 
in  the  alternate  designs  has  the  same  flutter  characteristics  as  a 
conventional  wing  box  (the  baseline).  This  conclusion  is  valid 
so  long  as  the  wing  stiffness  of  the  CCS  and  conventional  wings 
are  approximately  equal  as  reflected  by  the  structural  influence 
coefficients  that  were  very  comparable  In  this  study.  Other 
dynamic  effects  such  as  aileron  effectiveness  and  roll  reversal 
were  not  considered  in  this  study. 


o Weight  Comparisons  - A CCS  wing  main  box  such  as  those  evaluated 
in  the  alternate  designs  can  be  fabricated  for  the  same  weight 
value  as  a conventional  wing  main  box.  While  a CCS  wing  main  box 
will  have  heavier  skins  and  main  spars,  it  will  be  lighter  in 
weight  for  intermediate  spars  and  ribs. 


o Cost  Trends  - A CCS  wing  main  box  such  as  those  evaluated  In  the 
alternate  designs  can  be  fabricated  for  essentially  the  same  cost 
as  a conventional  contoured  main  box  with  built-in  twist.  A small 
cost  reduction  may  be  realized  through  the  use  of  flat  sided  CCS 
main  box  structure. 
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O Structural  - The  Internal  wing  spar/stiffener  orientation  can 
Induce  beneficial  twists  for  both  positive  and  negative  wing 
bending  loads.  In  addition  the  structural  main  box  arrangements 
that  were  evaluated  demonstrated  that  this  beneficial  twist  was 
greatest  when  the  intermediate  bending  elements  (spars  and 
stiffeners)  were  rotated  In  a forward  direction  In  relation  to 
a line  normal  to  the  aircraft  centerline. 

In  suimary  this  study  has  shown  that  CCS  wing  box  structure  has  sufficient 
potential  to  warrant  additional  study.  As  far  as  can  be  determined  by  the 
limited  studies  that  have  been  performed  thus  far,  there  appears  to  be 
definite  performance  advantages  to  be  achieved  with  essentially  no  penalty. 
The  structure  can  be  obtained  at  approximately  equal  weight,  flutter  speed 
and  cost  as  compared  to  the  conventional  twisted  baseline-,  and  still  achieve 
the  basic  aerodynamic  advantage  of  providing  desired  wing  box  twist  (reduced 
drag  and  Inboard  C.P.  shift)  as  a function  of  airload.  Therefore,  the  CCS 
wing  main  box  structure  provides  an  airload  driven  twist  (passive  action) 
that  heretofore  had  to  be  built  In  as  original  twist  to  achieve  certain 
aerodynamic  characteristics.  The  consideration  of  camber  effects  was  not  a 
subject  of  this  contract  effort,  but  further  study  appears  desirable  to 
consider  the  Influence  of  these  effects. 

Although  not  specifically  approached  In  this  study,  other  conclusions  could 
be  logically  extrapolated  from  these  results.  For  Instance,  CCS  structure 
could  potentially  provide  a more  stable  weapons  delivery  platform  due  to  Its 
twist  characteristics  which  minimize  the  gust  response  encountered  during  an 

attack  run. 
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6.0  RECOMMENDATIONS 


As  seen  from  the  results  presented  In  this  report,  the  twist  obtainable 
with  CCS  structure  can  be  advantageous  for  Improving  aerodynamic  characteris- 
tics.  However,  these  advantages  tend  to  be  relatively  small  when  compared  to 
those  available  when  the  CCS  twist  platform  is  augmented  with  some  system 
providing  wing  camber.  The  Investigation  of  the  twist  plus  camber  possibilities 
should  be  the  next  logical  step  In  the  development  of  the  CCS  concept.  The 
effect  of  camber  on  twist  characteristics  Is  illustrated  in  Figure  30 
(although  not  necessarily  at  an  optimum  level)  and  is  significant,  showing 
that  this  combination  of  methods  offers  potentials  above  that  available 
with  twist  alone.  Table  VII  illustrates  several  parameters  which  can  be 
improved  and  their  projected  amount  of  improvement  when  the  CCS  twist 
platform  is  supplemented  with  two  types  of  wing  camber. 


In  light  of  the  advantages  offered  when  passive  CCS  structure  is  com- 
bined with  camber  producing  systems,  It  becomes  evident  that  still  another 
application  of  load  induced  twist  has  high  prospect.  That  would  be  the  use 
of  CCS  structure  for  the  wing  leading  edge  section  to  produce  a leading  edge 
flap  which  rotated  under  load  in  a direction  producing  wing  camber.  This 
would  be  a passive  system  completely  dependent  on  wing  loading  giving  the 
camber  advantages  when  it  Is  most  useful,  which  is  illustrated  In  Table  Vii. 

An  effort  to  determine  the  optimum  structural  parameters  most  critical 
to  CCS  operation  should  also  be  considered.  These  parameters  include  inter- 
nal structure  orientation  angles,  wing  sweep  angle,  wing  root  restraint, 
root  to  tip  chord  ratio  and  spar/skin  area  ratio.  Optimization  of  these 
parameters  would  lead  to  the  optimization  of  the  total  wing  Including  the 
passive  leading  edge  camber  system. 

Other  areas  of  importance  which  should  also  be  evaluated  are  those 
specific  cases  such  as  aileron  effectiveness  and  reversal  characteristics 
associated  with  the  CCS  twist  platform  and  the  effect  of  CCS  structure  on 
wing  gust  response  which  could  influence  both  the  fatigue  life  and  the 
stability  of  a weapons  delivery  platform. 


A logical  sequence  of  work  for  continuing  the  development  of  CCS  technology 
is  Illustrated  In  Figure  31.  This  outline  shows  that  this  technology  Is  only 
In  the  embryonic  stage  and  several  continuing  steps  are  required  to  Mly 
define  and  explore  all  the  potentials. 


FIGURE  31:  CCS  TECHNOLOGY  DEVELOPMENT  SEQUENCE 
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APPENDIX  A 
STRUCTURAL  METHODS 


The  primary  structural  analysis  tool  used  In  this  study  was  the  NASTJIAN 
(NAsa  STRuctural  Analysis)  finite  element  displacement  system.  This  system 
used  was  the  McNeal-Schwendler  Corporation  (MSC)  CDC  6600  version  20.  Several 
"pre"  and  "post"  processor  routines  to  NASTRAN  were  used  for  the  data  manage- 
ment of  output.  The  relationship  between  these  processor  programs  and 
NASTRAN  Is  shown  In  Figure  32. 


The  solution  sequence  used  was  to  Initially  define  the  structural  math  model 
grid  locations,  raw  structural  element  locations  (spar  web  caps,  skin 
membranes,  spar  and  rib  shear  webs)  and  the  loading  conditions  (shear,  moment 
and  torsion  curves).  This  data  was  Input  Into  the  VSD  JWWING  pre-processor 
program  which  output  the  model  finite  element  bulk  data  and  the  distributed 
grid  point  load  data  In  the  format  required  for  use  In  NASTRAN.  The  pre- 
processor NOPIP  Initiates  the  NASTRAN  input  file  and  resizing  process.  Then 
NASTRAN  and  the  post-processor  resizing  program  NASTOP  analyzed  and  resized 
the  structure  using  the  designated  constraint  parameters  (allowable  stresses, 
minimum  thicknesses  and  areas)  using  the  fully  stressed  design  (stress-ratio) 
approach.  The  output  consisted  of  model  weight,  loads,  stresses,  reactions 
and  displacements.  These  data  were  combined  with  the  mass  and  aerodynamic 
slice  requirements  (panel  point  locations)  Input  Into  the  GMASS  and  NASFLEX 
post  processors  to  generate  slice  mass  data,  aerodynamic  and  dynamic  structural 
Influence  coefficient  (SIC-inf luence)  matrices. 
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APPENDIX  B 

AERODYNAMIC  ANALYSIS  METHODS 


The  aerodynamic  effort  in  support  of  the  Control  Configured  Structure  (CCS) 
program  involved  two  separate  tasks.  The  preliminary  phase  consisted  of  a 
parametric  study  of  the  effects  of  a spanwise  variation  of  wing  twist,  chord- 
wise  camber  and  a combination  of  both  effects  on  the  aerodynamic  characteristics 
of  a select  wing  planform.  The  wing  planform  was  that  used  in  a previous 
configuration  study  and  variations  in  twist  and  camber  were  chosen  based  on 
the  same  design  studies. 

The  parametric  study  was  conducted  to  provide  a preliminary  aerodynamic 
evaluation  base  to  compare  CCS  configurations  and  to  provide  trends  which 
could  be  used  to  project  effects  for  future  efforts.  The  second  task  under 
the  study  involved  the  aerodynamic  analysis  of  a specific  configuration  in 
equilibrium  twist  at  Mach  numbers  of  .80  and  1.20  and  an  altitude  of  10,000 
feet.  The  results  of  this  evaluation  were  presented  in  Section  A.O  of  this 
report;  however,  a brief  summary  of  the  methods  used  in  generating  load 
distributions  and  aerodynamic  data  are  contained  in  this  appendix  following 
the  parametric  data. 

The  aerodynamic  evaluations  were  made  using  theoretical  solutions  for  both 
the  rigid  and  equilibrium  twist  load  conditions.  The  procedure  was  validated 
by  comparing  wind  tunnel  test  results  to  theoretically  derived  values  for  the 
same  configuration.  These  wind  tunnel  data  were  obtained  on  configurations 
very  similar  to  those  used  in  the  study  and  thus  provide  additional  information 
for  configuration  evaluation. 

1.  PARAMETRIC  STUDY 

In  any  airplane  design  effort,  particular  emphasis  is  placed  on  wing  selection. 
The  selection  of  the  basic  planform  and  airfoil  section  is  made  considering 
the  effects  of  wing  area,  aspect  ratio,  leading  edge  sweep,  and  taper  ratio 
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on  overall  airplane  performance  requirements.  Once  these  parameters  have 
been  evaluated  and  the  wing  selected,  some  refinement  of  the  airplane  drag 
with  lift  (drag  polar)  may  still  be  made  by  a'terations  In  wing  twist,  air- 
foil camber,  or  combinations  of  both.  A real  potential  therefore  exists  for 
configuring  the  wing  Internal  structure  to  deflect  under  load  so  as  to 
provide  aerodynamic  characteristics  normally  obtained  by  Incorporating  built- 
in  twist,  camber  or  possibly  a combination  of  both. 

A parametric  analysis  was  made  to  evaluate  the  relative  effects  of  these 
form?  of  geometric  change  when  compared  to  a plane,  undeflected  wing.  This 
analysis  was  accomplished  using  theoretical  solutions  (verified  by  comparison 
to  experimental  data)  to  provide  Insight  as  to  the  order  of  magnitude  of  the 
aerodynamic  effects  obtainable  using  nominal  values  of  both  twist  and  camber. 
One  configuration  which  Incorporated  both  twist  and  camber  was  also 
investigated.  The  analysis  of  all  configurations  was  made  for  two  loading 
conditions  corresponding  to  a forward  loading  on  the  structure,  forward  C.P., 
and  an  aft  loading.  This  was  accomplished  by  evaluating  the  effects  at  a 
Mach  number  of  0.80  for  a forward  C.P.  and  at  a Mach  of  1.20  for  an  aft  C.P. 
since  the  variation  in  aerodynamic  loadings  due  to  Mach  number  followed  this 
trend. 


(1 ) Experimental  Data  Verification 

To  correlate  the  theoretical  methods  with  experimental  results,  two  configu- 
rations v.ere  evaluated  for  which  wind  tunnel  data  were  available.  The  review 
was  made  to  examine  the  trends  of  aerodynamic  data  with  angle  of  attack  and 
to  compare  the  relative  orders  of  magnitude.  Comparisons  were  made  for 
supersonic  and  subsonic  conditions  to  establish  the  suitability  of  the 
theoretical  methods.  A portion  of  these  comparisons  was  formalized  and  is 
presented  in  Figures  33  thru  35  for  a plane  wing  (no  built-in  twist)  and  one 
which  incorporated  a spanwlse  variation  in  twist. 


The  results  of  a more  comprehensive  study  on  the  effects  of  twist  on  aero- 
dynamic characteristics  was  reported  in  Reference  1 . These  data  were 
obtained  on  a model  of  the  F-lli  with  a supercritical  airfoil  section 
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incorporated  in  the  wing  geometry.  The  tests  were  conducted  to  show: 

(1)  the  effects  of  twist  at  different  lift  coefficients,  (2)  the  effects  of 
twist  at  different  Mach  numbers,  and  (3)  the  effects  of  twist  at  different 
sweep  angles.  The  range  of  twist  angles  tested  and  the  spanwlse  variations 
were  similar  to  that  used  in  the  subject  parametric  study.  These  data  were 
in  agreement  with  the  results  of  the  program  parametric  study  in  trend  and 
order  of  magnitude.  This  lends  strong  support  to  the  theoretical 
simplification  of  solutions  for  Incremental  wing  effects  without  the 
complications  of  a body  or  wing  thickness  since  the  two  wind  tunnel  test 
results  (VSD  and  Ames)  were  for  models  having  widely  differing  configurations. 

o Drag  - Differences  in  absolute  values  between  experimental  and 
theoretical  data  are  apparent.  These  differences  were  due  to  geometric 
variables  and  do  not  invalidate  the  Incremental  effects  of  twist  or  the 
trends  of  these  effects  with  angle  of  attack  and  Mach  number.  These  wind 
tunnel  data  were  obtained  using  a model  which  Incorporated  a fuselage  and 
vertical  tail.  Since  these  items  will  produce  drag  at  zero  wing  lift,  the 
drag  polar  was  displaced  from  zero.  In  addition  the  wing  has  a finite 
thickness  which  is  not  duplicated  in  the  theoretical  calculations.  Thus  for 
the  plane  untwisted  wing,  no  drag  value  is  shown  at  zero  CL  since  the  wing 
was  simulated  by  a plane  of  zero  thickness;  but  having  the  planform  geometry 
of  the  wing  tunnel  test  article.  These  differences  were  not  important 
however,  since  the  effects  of  geometry  on  wing  aerodynamic  characteristics 
are  additive.  This  was  confirmed  by  the  data  presented  in  Figure  33  which 
show  the  relative  effects  of  twist  on  the  incremental  value  of  CD  at  CL  of 
zero  and  the  trends  with  increasing  CL  to  be  comparable. 

If  absolute  magnitudes  are  important  in  configuration  evaluations, 
the  drag  polar  may  be  more  accurately  calculated  using  a combination  of 
theoretical  and  empirical  methods.  A method  was  available  at  VSD  which  was 
used  to  calculate  the  drag  polar  for  a plane  wing  starting  from  the  initial 
CD  value  at  zero  lift,  for  the  wlng/body/tai 1 configuration,  and  the  non- 
linear CL  variation  with  angle  of  attack  as  measured  in  the  wind  tunnel.  The 
computed  values  are  shown  in  Figure  3*»  and  agree  very  well  with  the  measured 
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wind  tunnel  values.  This  procedure  was  Initiated  with  the  Intention  of 
using  It  for  all  drag  studies,  but  was  found  to  be  too  time  consuming  and 
was  not  required  to  provide  a preliminary  evaluation  of  the  effect  of 
variations  In  wing  geometry.  For  this  reason  drag  evaluations,  within 
the  program  study,  were  made  on  the  basis  of  theoretical  linear  solutions 

only. 

o Lift  and  Pitching  Moment  - The  effects  of  wing  twist  are  presented 
in  Figure  35  for  iift  and  pitching  moment  as  measured  in  the  wind  tunnel  and 
as  calculated  using  the  same  theoretical  method  used  to  evaluate  drag.  Since 
the  major  lifting  element  is  the  wing  surface,  the  effects  of  the  fuseiage 
on  CL  are  minimal.  This  is  seen  by  comparing  the  experimental  and  theoretical 
resuits  for  the  plane  and  twisted  wing.  The  iift  curve  slope,  CLa,  is  in 
good  agreement  for  both  configurations  and  the  shift  in  a for  zero  CL  was 

also  good. 

Pitching  moment  is  more  sensitive  to  other  variables.  The  presence 
of  the  fuselage  and  the  effects  of  a real  fluid,  which  results  In  a boundary 
layer  over  the  surfaces,  each  has  an  effect  on  pitching  moment  as  measured 
In  the  wind  tunnel.  To  reduce  the  computer  time  and  also  the  engineering 
effort  required,  the  theoretical  solutions  were  made  for  a wing  without  the 
presence  of  a body.  Again,  this  simplification  does  not  alter  the  trends  or 
significantly  affect  the  order  of  magnitude  of  the  results  as  evidenced  from 
the  data  in  Figure  35-  Two  effects  of  wing  twist  are  noted  on  review  of  the 
wing  tunnel  data.  First,  the  slope  of  pitching  moment  with  respect  to  lift, 
dCm/dC.,  Is  unchanged  due  to  the  addition  of  twist  and  a positive  Increment 
In  pitching  moment  Is  Introduced.  These  were  the  same  results  shown  from  a 
review  of  the  theoretical  data, however,  absolute  values  of  dC„,/dCL  and  delta 
are  altered  due  to  viscous  effects  and  the  presence  of  a fuselage  on  the 
wind  tunnel  model. 

From  a review  of  these  data  and  other  comparisons  made  during  the 
informal  review  of  all  data  examined  during  the  course  of  this  study,  it  was 
concluded  that  valid  conclusions  may  be  drawn  as  to  the  aerodynamic  trends 
and  incremental  effects  due  to  configuration  changes  as  calculated  using 
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theoretical  solutions  for  the  wing  alone.  The  theoretical  method  used  for 
this  study  have  been  reported  in  an  Air  Force  sponsored  report.  Reference  2, 
which  was  also  used  to  establish  load  distributions  as  required  for 
evaluation  of  specific  CCS  designs. 


The  effects  of  twist  were  evaluated  by  examination  of  changes  in  aerodynamic 
characteristics  due  to  variations  about  a nominal  twist  value  which  were 
established  "as  desirable"  for  a recently  completed  airplane  evaluation 
having  similar  planform  dimensions.  These  effects  were  evaluated  at  loading 
conditions  corresponding  both  to  a forward  and  an  aft  Center  of  Pressure 
(C.  P.)  on  the  wing.  The  former  corresponds  to  a loading  at  Mach  0.80  and 
the  aft  C.  P.  to  loadings  developed  at  a Mach  of  1.20. 

o Drag  - Three  variations  in  twist  were  defined  with  span.  A 
sample  twist  variation  is  shown  in  Figure  36.  The  other  distributions  were 
defined  using  the  same  basic  spanwise  variation.  The  resulting  aerodynamic 
parameters  were  then  compared  to  the  base,  untwisted  wing,  as  a reference 
since  all  structural  twist  or  camber  for  the  CCS  configurations  would  be 
made  about  the  plane  wing.  The  basic  planform  used  for  these  studies  is 
shown  in  Figure  37- 

The  trend  of  drag  with  twist  is  illustrated  for  one  spanwise  variation 
of  twist  in  Figures  38  and  39-  A small  increase  in  the  minimum  drag,  denoted 
by  delta  Cn  , , is  shown  at  zero  lift  coefficient  for  a Mach  number  0.80.  This 
value  is  increased  slightly  at  Mach  1.20,  however  the  shape  of  the  drag  polar 
is  changed  so  that  the  increase  in  drag  noted  at  zero  lift  was  reduced  to 
zero  with  increase  in  lift  coefficient  and  becomes  a drag  reduction  increment 
as  lift  was  increased  further.  The  incremental  drag  values  at  zero  lift, 
delta  Cpmjn  are  presented  for  both  Mach  numbers  in  Figure  39  as  a function  of 
twist  angle.  The  effect  of  Mach  number  on  this  parameter  is  seen  to  be 
minimal,  however  if  twist  angles  were  increased  beyond  eight  degrees  at  the 
tip  the  delta  Cpm.n  values  would  rise  quite  rapidly.  Thus  considering  only 
the  untrimmed  drag  polar,  values  of  twist  beyond  eight  degrees  would  not  be 
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desirable.  Further,  considering  only  delta  CDmin  effects  resulting  from 
twist,  it  became  apparent  that  a CCS  configuration  would  permit  the  minimum 
drag  at  low  lift  levels  since  insufficient  loading  would  be  present  to 
twist  the  wing,  thus  delta  Cp^.^  would  be  zero.  As  lift  is  increased,  the 
structure  twists  and  the  incremental  drag  values  are  a smaller  percentage 
of  the  total.  In  the  supersonic  case  these  values  actually  tend  to  reduce 
the  wing  drag  over  the  untwisted  value.  An  estimate  of  this  variation  with 
Mach  number  is  shown  in  Figure  39- 

o Lift  and  Pitching  Moment  - The  results  for  the  same  twist 
variations  on  the  aerodynamic  longitudinal  characteristics  are  shown  in 
Figure  AO  for  the  forward  C.  P.  loading  at  Mach  number  0.80  and  the  aft  C.  P. 
loading  at  Mach  number  1.20.  The  primary  effect  was  a shift  in  the  aero- 
dynamic parameters  §t  zero  angle  of  attack.  Because  of  the  displacement  of 
lift  with  angle  of  attack,  the  wing  must  be  rotated  to  a higher  angle  of 
attack  to  achieve  the  same  lift.  This  same  twist  results  in  a nose  up 
pitching  moment,  delta  C,^,  which  is  constant  with  lift  coefficient  for  both 
Mach  numbers  investigated.  This  characteristic  is  an  aid  in  trimming  a stable 
airplane  configuration  since  less  trim  force  is  required  for  a given  value  of 
lift.  The  magnitude  of  the  reduction  is  a function  of  the  airplane 
configuration.  The  delta  C,^  values  are  plotted  as  a function  of  wing  tip 
twist  in  Figure  Al , and  appear  to  be  a linear  function  of  twist.  The 
variation  with  Mach  number  was  small  for  the  values  investigated. 

In  a CCS  configuration,  this  increment  in  pitching  moment  would  be 
absent  at  the  lower  values  of  lift  and  would  increase  in  magnitude  as  lift 
is  increased.  This  trend  introduces  a reduction  in  the  static  stability 
parameter,  dC^d^,  which  would  have  to  be  considered  in  configuration 
evaluation. 

o Spanwise  Location  of  Wing  C.  P.  - A composite  plot  of  the  span- 
wise  location  of  wing  loading  C.P.  with  lift  coefficient  for  all  configu- 
rations evaluated  are  presented  in  Figure  A2  for  a Mach  number  of  0.80  and  in 
Figure  A3  for  a Mach  number  of  1.20.  At  the  lower  lift  coefficients  the 
C.P.  of  loading  approaches  zero  lift  asymptotically;  since  for  the  twist 
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FIGURE  40:  EFFECT  OF  SPAN  WISE  TWIST  VARIATION  ON  LIFT  AND 
PITCHING  MOMENT 
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FIGURE  42:  SPANWISE  LOCATION  OF  PANEL  LOADING  M = .80 
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FIGURE  43:  SPANWISE  LOCATION  OF  PANEL  LOADING  M = 1.20 


case  2ero  ,|ft  consists  of  an  up  load  on  the  Inboard  portion  of  the  » ng 
end  l down  load  on  the  outer  panels.  The  combination  of  these  two  loa  n3s 
produces  a pure  couple  with  zero  lift,  for  either  a net  up  or  — lea  he 
point  of  application  approaches  the  plane  wing  load  location,  however  .for 
To  We  vies  of  twist  (leading  edge  nose  -)  the  loading  was  mo  d 
aboard  for  the  range  of  positive  CL  values  presented.  It  ^u'd  l 
noted  that  for  negative  values  of  CL  the  loading  Is  outboard  of  the  plane 

wing  case. 

the  CCS  design  It  would  be  desirable  to  assure  Positive > 

values  even  though  for  the  higher  loading  conditions  the  ^^sl  as 

loading  Is  not  large.  The  Increment  from a possible  negat  ve  - ^ 
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“he  structural  weight  required  for  a given  design  load.  A though  the  leading 
e7ge  down  twist  results  In  outboard  loadings  for  negative  CL  value  , the 
magnitude  of  positive  loadings  for  design  were  much  greater  an 
negative  "g"  values,  so  that  an  overall  benefit  In  CCS  structural  weight 

reduction  should  be  realized. 


(3)  Fffe.ct  of  Spanwlse  Variation  In  CambejL 


The  effect  of  camber  Is  evaluated  at  the  same  Hach  numbers  as  the  twist. 
Til* parameter  was  Introduced  as  Conlca,  Ca^er  with  - ^ ~ 
shown  in  the  planform  shetch  of  the  base  wing  In  Figure  37.  c»  >«  ^ 
was  chosen  since  this  was  the  form  selected  as  most  deslr.b  e a race 
airplane  configuration  study  which  used  the  basic  wing  plan  select, 
for  the  current  CCS  study.  During  that  study,  wind  tunnel  *»»««. 
performed  on  wings  with  and  without  Conical  Ca*er  -Hlch  provided  a data 
base  for  evaluating  the  trends  noted  In  the  aerodynamic  data 
calculated  using  theoretical  methods. 

0 Drag  - Camber  has  a dual  effect  on  the  drag  polar  as  seen  In 
Figure  M.  As  In  the  case  of  twist  addition,  the  minimum  drag  Is  Increase 
over  the  plane  wing  used  as  a base.  In  addition,  the  CL  or  Dm|n 
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case,  zero  lift  consists  of  an  up  load  on  the  inboard  portion  of  the  wing 
and  1 down  load  on  the  outer  panels.  The  combination  of  these  two  loadings 
produces  a pure  couple  with  zero  lift.  For  either  a net  up  or  down  load  the 
point  of  application  approaches  the  plane  wing  load  location;  however,  for 
positive  values  of  twist  (leading  edge  nose  down)  the  loading  was  moved 
Inboard  for  the  range  of  positive  CL  values  presented.  It  should  also  be 
noted  that  for  negative  values  of  CL  the  loading  is  outboard  of  the  plane 
wing  case. 

In  the  CCS  design  it  would  be  desirable  to  assure  positive  twist 
values  even  though  for  the  higher  loading  conditions  the  inboard  shift  in 
loading  is  not  large.  The  increment  from  a possible  negative  twist  case  as 
experienced  for  most  flexible  wings,  and  a positive  twist  for  the  CCS  wing 
will  reduce  the  root  bending  moment  for  a given  positive  CL  loading  and  thus 
the  structural  weight  required  for  a given  design  load.  Although  the  leading 
edge  down  twist  results  in  outboard  loadings  for  negative  CL  values,  the 
magnitude  of  positive  loadings  for  design  were  much  greater  than  for 
negative  "g"  values,  so  that  an  overall  benefit  in  CCS  structural  weight 

reduction  should  be  realized. 

(3)  Effect  of  Spanwise  Variation  in  Camber 

The  effect  of  camber  is  evaluated  at  the  same  Hach  numbers  as  the  twist. 

This  parameter  was  introduced  as  Conical  Camber  with  the  point  of  tangency 
shown  in  the  planform  sketch  of  the  base  wing  in  Figure  37-  Conical  Camber 
was  chosen  since  this  was  the  form  selected  as  most  desirable  in  a recent 
airplane  configuration  study  which  used  the  basic  wing  planform  selected 
for  the  current  CCS  study.  During  that  study,  wind  tunnel  tests  were 
performed  on  wings  with  and  without  Conical  Camber  which  provided  a data 
base  for  evaluating  the  trends  noted  in  the  aerodynamic  data  which  are 
calculated  using  theoretical  methods. 

o Dra£  ” Camber  has  a dual  effect  on  the  drag  polar  as  seen  In 
Figure  kk.  As  in  the  case  of  twist  addition,  the  minimum  drag  is  increased 
over  the  plane  wing  used  as  a base.  In  addition,  the  Cl  for  Cpmjn  is 
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FIGURE  46:  EFFECT  OF  CONICAL  CAMBER  ON  LIFT  AND  PITCHING  MOMENT 


moment  are  undesirable  since  more  horizontal  tail  incidence  is  required  to 
trim  thus  Increasing  total  airplane  drag.  The  increase  in  static 
stability,  negative  dC^dC^  is  desirable  under  certain  conditions  since 
a more  stable  configuration  permits  reduced  trim  forces.  Stability  effects 
are  not  shown  in  summary  plot  form  since  this  is  a secondary  effect  and 
was  not  used  in  the  preliminary  evaluation  of  the  effects  of  CCS  configura- 
tions on  the  aerodynamic  characteristics.  This  parameter  would  play  a 
part  in  evaluation  of  a complete  balanced  airplane  system. 

If  a CCS  configuration  were  to  be  designed  to  produce  wing  leading 
edge  camber,  the  effects  on  pitching  moment  would  require  detailed  review  of 
overall  effects  on  a complete  airplane  configuration.  At  low  lift  levels, 
the  negative  delta  C,^  effect  would  be  minimal  since  the  structure  would  not 
be  deflected;  however,  the  value  would  increase  with  increasing  load.  This 
increases  the  horizontal  tail  trim  requirement  both  as  an  increase  in 
negative  delta  Cm  and  as  a result  of  increasing  static  stability,  negative 
dCm/dCL.  For  this  reason  it  is  difficult  to  make  any  definitive  comment  on 
the  effect  of  camber  on  the  pitching  moment  characteristics  independent  of 
other  considerations. 

o Spanwise  Location  of  Wing  Center  of  Pressure  - Summary  plots  of 
loading  center  of  pressure  were  presented  earlier  in  Figures  42  and  43  when 
discusing  the  effects  of  twist.  From  a review  of  these  figures,  it  can  be 
seen  that  camber  does  not  materially  alter  the  loading  center  on  the  wing 
panel  over  the  base  plane  wing  except  at  very  low  lift  coefficients.  Thus 
variations  in  spanwise  loading  due  to  camber  resulting  from  a CCS  would  not 
be  an  important  consideration  in  configuration  selection. 

(4)  Combined  Camber  and  Twist 

To  complete  the  parametric  study,  one  case  of  combined  camber  and  twist  was 
analyzed.  The  spanwise  variation  of  twist,  denoted  as  6.5  degrees 
at  the  wing  tip,  was  added  to  the  "moderate"  camber  configuration  and  the 
aerodynamic  data  compared  to  the  results  discussed  previously. 
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o Dra£  - A specific  drag  polar  is  not  presented,  however,  the  trends 
may  be  noted  by  referring  to  Figure  45-  It  appears  the  incremental  drag 
denoted  on  the  plots  as  "delta  twist"  Is  about  the  value  obtained  due  to 
twist  alone.  The  CL  for  Com|n  Is  increased  slightly,  however,  it  is  not  a 
large  value  and  thus  does  not  shift  the  drag  polar  enough  to  offset  the  drag 
increase  due  to  the  addition  of  twist.  It  would  appear  that  from  a drag 
standpoint  no  gain  is  realized  over  the  camber  alone  case  at  either  Mach  number 

0.80  or  1.20. 

o Lift  and  Pitching  Moment  - Comparative  plots  of  lift  and  pitching 
moment  coefficients  are  presented  In  Figures  47  and  48  for  Mach  numbers  of 
0.80  and  1.20.  These  data  show  the  effect  of  adding  a spanwlse  twist 
distribution  to  a wing  having  a "moderate"  amount  of  camber.  For  comparison, 
data  for  the  basic  plane  wing  are  also  shown  so  that  trends  with  configuration 
changes  may  be  seen.  From  these  plots  it  appears  that  the  effects  of  twist 
and  camber  are  additive,  with  twist  responsible  for  zero  shifts  In  CL  and  Cm 
and  camber  affecting  the  static  stability  parameter  dCm/dCL.  From  this  stand- 
point it  would  appear  that  a configuration  might  be  tailored  to  achieve  the 
reduction  In  trim  requirements  resulting  from  the  positive  Cm  due  to  the 
addition  of  twist  and  a moderate  Increase  in  static  stability  shown  due  to 

the  addition  of  camber. 

o Soanwise  Location  of  Wing  C.P._  - In  reviewing  again  the  center  of 
pressure  location  of  the  various  wing  configurations  in  Figures  42  and  43,  it 
becomes  apparent  that  for  the  combination  of  camber  and  twist,  the  loading 
distribution  is  dominated  by  twist  and  does  not  show  the  trends  associated 
with  camber  alone.  For  positive  wing  loadings  this  assures  a more  Inboard 
loading  if  nominal  amounts  of  twist  are  incorporated  in  the  wing. 

In  summary,  a parametric  study  of  wing  variables  which  could  be  altered  by 
externally  applied  aerodynamic  forces  has  been  made  to  determine  their  effect 
on  the  aerodynamic  characteristics  of  a wing.  The  major  benefits  are  in 
the  area  of  drag  reduction  by  alterations  to  the  drag  polar,  and  In  reducing 
the  effects  of  drag  due  to  trim.  An  additional  benefit  is  possible  if  the 
structural  deflections  result  in  a properly  controlled  spanwlse  variation  of 
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PLANE  WING 

MODERATE  CAMBER  (16.5) 
MODERATE  CAMBER  + 
6.50  TWIST 


FIGURE  47:  EFFECT  OF  COMBINED  CAMBER  AND  TWIST  ON  LIFT  AND 
PITCHING  MOMENT  M = . 80  . 
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6.5°  TWIST 


FIGURE  48:  EFFECT  OF  COMBINED  CAMBER  AND  TWIST  ON  LIFT  AND 
PITCHING  MOMENT  M = 1.20 


twist  which  will  produce  an  inboard  shift  of  loading  with  an  increase  in 
lift  due  to  "g".  This  permits  a reduced  structural  weight  due  to  the 
reduced  wing  root  bending  for  a given  aerodynamic  lift  requirement. 


2.  ANALYSIS  METHODS 

The  methods  used  to  coordinate  aerodynamic  analysis  with  the  Structural 
analysis  is  illustrated  in  the  flow  diagram  presented  in  Figure  1*9.  For 
the  initial  parametric  study,  aerodynamic  data  were  evaluated  for  the 
rigid  case  with  no  structural  deformation  due  to  loading.  Data  thus 
obtained  were  used  to  show  the  desired  trend  and  orders  of  magnitude  of 
aerodynamic  characteristics  with  geometric  and  Mach  number  variables.  This 
was  the  standard  procedure  used  in  preliminary  design  prior  to  wing 
structural  definition. 


With  the  wing  internal  structure  defined,  a panel  point  definition  could  be 
made.  This  was  then  used  to  generate  structural  influence  coefficients. 

Using  this  same  panel  point  definition,  aerodynamic  influence  coefficients 
were  calculated  independently  using  the  Woodward-Carmichael  routine  previously 
reported  in  Reference  2.  These  data  were  then  used  in  a finite  element 
flexible  solution  which  provided  aerodynamic  data  for  equilibrium  twist 
conditions  at  any  preselected  flight  condition.  For  the  purposes  of  this 
analysis,  the  aerodynamic  data  were  calculated  at  Mach  numbers  of  .80  and 
1.20  for  4 "g"  flight  at  10,000  feet.  The  routine  also  calculated  spanwise 
loading  information  which  was  fed  into  FASTL0DS  to  yield  the  spanwise 
variation  in  shear,  bending  and  torsion  moment.  These  data  were  used  for 
final  evaluation  of  the  proposed  configurations. 
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FIGURE  49:  FLOW  DIAGRAM  FOR  AERODYNAMIC  METHODS  EMPLOYED 
IN  CCS  ANALYSIS 
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APPENDIX  C 
DYNAMICS  METHODS 

Stiffness  and  inertia  data  was  used  to  determine  the  aeroelastic  character- 
istics of  the  various  wing  design  configurations.  Desired  structural  grid 
point  locations  and  inertia  slice  boundary  locations  were  first  defined. 

Then  a main  wing  box  influence  coefficient  matrix  was  defined  for  the 
Dynamics  grid  points  and  main  wing  box  inertia  slice  data  was  defined  for 
the  Dynamics  slice  boundaries. 

These  data  were  then  used  to  perform  modal  analyses  of  the  different  configu- 
rations, and  the  model  data  was  used  then  to  perform  airforce  analysis  on 
the  wings.  The  airforce  matrices  obtained  were  those  determined  by  the 
Doublet  Lattice  Method. 

The  modal  and  airforce  data  were  then  used  to  write  the  equations  of  motion 
in  generalized  form,  and  these  equations  were  then  solved  to  determine  at 
what  speeds  instabilities  (flutter)  should  be  expected.  These  analyses 
result  in  flutter  speed  versus  damping  curves.  The  flow  diagram  illustrating 
the  interface  and  function  activities  related  to  the  dynamics  analysis  is 
shown  in  Figure  50. 
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FIGURE  50:  FLOW  DIAGRAM  FOR  DYNAMICS  METHODS  EMPLOYED  IN  CCS 
ANALYSIS 
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